A kinetic model is presented which explains the nonstatistical cluster distributions found in a supersonic expansion of binary mixtures of weakly interacting organic molecules. It is shown that clustering in a supersonic expansion leads to a fractionation of the clusters, i.e., to an enrichment of the most strongly bound component. In our model we consider in the step-by-step growing process of the cluster three important events. In a first step the cluster grows by the addition of a monomer and forms an activated complex. This complex can be stabilized by a collision with an atom of the monatomic carrier gas, or it can be stabilized by a branching process in which it loses the same type of monomer or by a substitution process in which the other type of molecule is leaving.
Introduction
In an earlier paper1 we reported on the formation of mixed clusters of organicmolecules in a supersonic beam. It was already noticed then that in general the composition of the clusters did not reflect the composition of the vapor phase from which they were formed. Instead, they were highly enriched toward the side of the most strongly bound molecule. For instance, a mixture of benzene and cyclohexane was strongly enriched on the benzene side. Apparently, the higher polarizability of benzene, due to the a-electrons, leads to stronger bonding of this molecule. Similarly, heptane dominated in hexanelheptane clusters simply because of the larger size and therefore the larger polarizability of the heptane molecule.
At the time of our previous paper it was not at all clear what the enrichment was due to. Was it due to the kinetics of the formation, or was it due to the ionization and the subsequent preferential boil-off of the more weakly bound component? Indeed, the measurements as a function of the electron energy for ionization appeared to point toward the boil-off mechanism. However, since then, measurements by Schlag and co-workers2 and Booze and Baer3 have shown quite clearly that the overriding event after ionization is the loss of one molecule. Ernstberger et al.4 demonstrated that mixed clusters of benzene and toluene lose only one monomer in metastable fragmentation: the weakest bound component. This is by no means sufficient to explain the strong enrichment that takes place: the enrichment must come about during the formation stage of the clusters.
We therefore decided to study the intensity distributions in various small binary clusters more quantitatively under closely controlled conditions. We basically found the results we had observed earlier, be it that we had much better quantitative data. For the explanation of the strong enrichment of the small clusters, neither the classical nucleation theory5 nor the revised classical theory of Wilemski6 for binary mixtures is suitable, because both theories heavily rely on the description of microscopic cluster phenomena with macroscopic parameters and both theories consider clusters as spherical droplets. The latter assumption 0 Abstract published in Aduance ACS Abstracts, March 1, 1994.
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will be correct for large clusters where shell closings have taken place but is doubtful for the cluster sizes we study. Also, the nonclassical model of Zeng and Oxtoby' for binary clusters, although starting from microscopic intermolecular parameters, describes nucleation of larger droplets.
For the formation of a small cluster it is important to realize that a cluster is formed as a collision complex containing excess energy. The cluster can dispose of this energy by collision with a carrier gas atom or by the loss of a monomer. If a strongly bound molecule is attached to a mixed cluster, the resulting complex can either dissociate by the loss of a strongly bound species or lose a more weakly bound molecule in a substitution reaction. The reverse substitution reaction, a weakly bound molecule replacing a more strongly bound one, is not allowed if the cluster is completely cold. However, if the cluster contains some energy, this reaction also becomes possible, but will have a very low rate. Then it is the difference between the two substitution reaction rates that leads to the observed enrichment of small clusters. We can only observe the enrichment in a supersonic expansion, where cluster distributions are frozen in at an early stage of the formation process.
After a short experimental part, we discuss the kinetic equations, the modeling of the supersonic expansion, and then the results and their interpretation. It will turn out that the dimer formation is the critical step in the kinetic process, so it is discussed more extensively. The rate constants involved in the formation of larger clusters are described in terms of RRK theory.8 A remarkably consistent picture emerges.
Experimental Section
The supersonic beam apparatus was very similar to the one described before. 1 Since our mass spectrometer measured masses up to 1000 amu, we concentrated on the smaller clusters and therefore used a flat instead of a conical nozzle.
The clustering mixtures were benzene/toluene and toluene/ o-xylene. For the benzene/toluene mixture, the vapor pressure as a function of composition of the liquid is very well known.9The toluene/o-xylene phase diagram we measured ourselves. The mixtures required were made up volumetrically and equilibrated at room temperature. The vapor was first leaked into the mass spectrometer, together with about 1.5 bar of He, and the intensities of the peaks of the pure monomers were measured. In both mixtures the intensities turned out to be a linear function of the corresponding liquid mole fraction. Together with the vapor pressures of the pure compounds10 they gave the composition of the vapor phase. We then flowed thevapor mixtureinto thenozzle. Theresulting clusters, after having passed a 0.7-mm skimmer and a 1-mm consecutive skimmer, were observed about 80 cm downstream.
To ensure the least possible decomposition after ionization, the mass spectra were recorded at the very low electron energy of 13.5 eV. The quadrupole mass spectrometer signal was read into a computer, which allowed further processing of the data. Typical results for both mixtures are shown in Figures 1 and 2 . The spectra are highly enriched in the heavier components, Le., toluene in Figure 1 and o-xylene in Figure 2 .
Kinetic Equations
We consider a mixture of molecules A and B, where B is the one with the strongest binding to itself and to A.
The first step in cluster growth is of course the formation of the dimer, the formation of a trimer in a three-body collisions being too unlikely in the dilute systems we consider. The van der Waals condensation energy will be dumped into the bond joining the two molecules. In general, this bond will not couple strongly to the internal vibrations of the molecule, so if the energy is not carried off during the collision, thecollision complex will dissociate again.
The dimer formation needs mediation by a third body, i.e., a helium atom in the expansions considered. We will further discuss the efficiency of such dimer-helium collisions below, suffice it to say here that the efficiency of dimer formation will be small. Most encounters of monomers will be unsuccessful.
Further growth of the cluster mainly involves cluster-monomer collisions in our dilute system. This growth is easier than dimer formation, since there are more modes into which the "condensation'' energy can be temporarily stored. Nevertheless, most attempts at clustering by collisions will still fail. Kinetically, we can describe this process with the following equations, where A,B,* denotes an "activated complex'', a collision complex which has not yet disposed of its energy. For the collision of a cluster with B we have with the rate constant k! = ( 8 k~T~/ ? r r )~/~u ( m , n ) , where ke is the Boltzmann constant, TL the local temperature, p the reduced mass of cluster and monomer, and u(m,n) the collision cross section of cluster and monomer. The activated complex A,B,* has three routes to lose its energy: The fact that this channel has a small rate constant is the reason for the enrichment of the clusters. The kinetic scheme has been depicted in Figure 3 . The substitution will proceed as long as the kinetics runs, but finally it will so far exhaust B in preference toA that the A addition will start to become significant. Ifwe simulatecluster formation with the above reaction scheme and if we want to compare to our experiments, it is important to know the magnitude of the respective reaction rate constants. Also, we will have to "stop the kinetics" long before the A addition starts to dominate. In our experimental situation the kinetics Following Habetdl and Miller,l2 we assume that the expansion proceeds "in equilibrium", Le., that collisions are so frequent that all information is exchanged. The state of the system is then completely determined by thermodynamic parameters, such as the local density n, the local pressurep, and the local temperature T. We do not consider any effects of thermal conductivity or viscosity, and we view the mixtures as ideal gases.
If u is the flow velocity and A the cross section of the flow, nAu = constant is thecontinuity equation. Further, if h is theenthalpy content per molecule and m the mass per molecule, we have ' / 2 m~2 + h = ho (1) because the enthalpy is converted into kinetic energy of forward motion. The index 0 refers to stagnation conditions upstream from the nozzle where u = 0. With all initial enthalpy (ho) converted this gives us the limiting value of u:
Since we consider an ideal gas, we have
in which y is the specific heat ratio (=5/3 for monatomic gases) and k~ is the Boltzmann constant. This gives us
with TO the temperature before the expansion. It now simply follows from (1) and (3)
for the temperature, and for an adiabatic expansion we have
To obtain the temperature and the density of the expanding gas anywhere along z, the forward direction, we need the velocity u as a function of z. Combining eqs 1 and 3, we obtain where the Mach number is defined as M = u f a, the ratio of the flow velocity u and the local speed of sound a = (ykBT/m)1/2.
Using the parameters given by Miller12 for M as a function of z , we can calculate u, n, and T anywhere along the axis of the expansion. The kinetics are calculated in the following manner:
We start at the nozzle exit and follow the expansion by taking successive time steps At. In every time step we calculate collision densities and hence the number of clusters formed. We assume that the heat of condensation, released upon clustering, is rapidly removed by helium and does not heat up the beam appreciably. We continue the calculation until the beam reaches the sudden freeze plane, where the collision free zone starts. For a 100-pm nozzle with a He pressure of 1.5 atm, the location of the sudden freeze plane is given by ZF = 1.2 mm."
Finally, after the collision-free zone has been reached, we simulate the loss at ionization by removing one molecule from the cluster:24 the least polarizable one if that is possible, if not (as for a pure B cluster) the more polarizable one. The resulting computer generated intensities are compared to experiment.
Enrichment Due to Mass Only
It is ~ell-known13-~~ that supersonic beams tend to concentrate heavy masses in the center of the beam. This is due to two effects: pressure diffusionlh'6 in the first three nozzle diameters downstream from the nozzle and Mach number focusing16J7 downstream from the sudden freeze plane.
In the first three nozzle diameters, streamlines are curved and large pressure and temperature gradients exist perpendicular to the streamlines, causing lighter particles to escape more easily from the beam axis than heavier particles. Rothe's and Knuth16 give an expression for pressure diffusion, which is evaluated for y = 5/3. The thermal diffusion ratio is taken from Landolt and Bbrnstein:18 a0 = 0 . 9 ( m~ -mL)/(mH + m~) , where the indices H and L refer to the heavy and light species.
Once the beam reaches the collision-free zone, the perpendicular temperature still decreases, and therefore the beam is more rapidly diluted in the lighter species. This effect, Mach number focusing, is calculated according to Knuth:16J7
Here the index d refers to the concentration ratio a t the detector; Q is the collision cross section.
We can include the effects of pressure diffusion and Mach number focusing in the equations of the supersonic expansion and calculate cluster formation.
Such calculations were performed, and they turned out to yield much less enrichment than necessary to explain our experiments. But to show the magnitude of the effect experimentally, we made mixed clusters of benzene and hexadeuterated benzene. The result is shown in Figure 4 . It will be clear that the enrichment is much less than in the mass spectra of molecules which differ in their interaction. The cluster mass spectrum also serves as a calibration of our beam calculation. The calculated and observed enrichment are close.
Dimer Efficiency
As we pointed out above, most monomer-monomer collisions will not be successful, unless a He atom happens to be present. But even then, the dimer will only be stabilized if a sufficient amount ofthesumof bindingandkineticenergy(fr0m therelative motions of the monomers) is carried off. If an elastic collision takes place, or if H e adds energy to the monomers trying to form the dimer, a dissociation will ensue. If all collisions are stochastically independent, the probability that an activated complex A** has not collided with a H e atom within its lifetime 7 is given by19 exp(4.r) with X = Z H~, the collision frequency of the dimer with helium. Hence, the probability that the complex has a t least collided once with a He atom within its lifetime is given by P(7) = 1 -exp(-n,,)
(7)
But if we consider only stabilizing collisions, we should use for Z H~ the effective collision number with He, which will be considerably smaller.
We have endeavored to estimate the fraction of successful H e collisions by a molecular dynamics calculation. We first estimate the lifetime of the activated complex. In addition to the LennardJones potential we have to take into account the centrifugal barrier arising for non-head-on collisions. The lifetime 7~1 1 in the collision was calculated by Bunker20 and is where U , e, and p have their usual meaning as in the LJ potential and Eo is the relative kinetic energy with which the two molecules approach each other. With the average energy EO = kBT for colliding systems, this yields for the energy-averaged collision time 7~11 = 1.5 up'/2t1/6(kBT)-2/3. We have carried out the molecular dynamics calculations of the collision of helium with two benzene monomers at three different temperatures: 200,100, and 50 K. The parameters for the Lennard-Jones potential were taken from Sherwood and Prausnitz2I for benzene and from Hirschfelder et a1.22 for helium. We chose 20 initial benzene dimer configurations and for each configuration 20velocity vectors of He, and with these we carried out calculations with 50 different initial He positions. The calculations were carried out with a leapfrog algorithm.23 A time step of 5 fs assured conservation of energy during the calculations. A H e collision was called stabilizing if after the collision the total energy of the complex was smaller than the centrifugal barrier and the intradimer distance was less than rmax, the position of the centrifugal barrier. Figure 5 shows the number of effective collisions (out of 20 000) as a function of the distance of closest approach of the H e to the center of the dimer. By taking the integral and dividing by 20 000, we find a value for the efficiency of a collision of q = 0.024. For 100 and 50 K we found q = 0.020 and 0.029, respectively. Apparently, the efficiency does not strongly depend on temperature. We adopted the average value q = 0.024.
We can now insert this efficiency into eq 7 for the probability, taking for the He-benzene dimer the collision radius ( 2 %~ + u~~) / 2 = 6.7 A. Here we have assumed that thedimer is spherical and that the monomer volumes (=4/3~a3) are additive. We can evaluate this expression as a function of distance from the nozzle using the values of the H e density as derived from the adiabatic expansion. We then arrive at the cooling probability as a function of distance from the nozzle with 1.5 atm of H e pressure as given in Figure 6 . Apparently, the rapid dilution of helium completely dominates the increase in lifetime with decreasing temperature.
Growth of Larger Clusters
The growth of larger clusters is considerably easier than the formation of a dimer, because now there are other van der Waals modes into which the van der Waals energy of condensation can be stored. But if the complex is not cooled by helium, it will eventually evaporate a monomer to lose its excess energy. The rate a t which this occurs can be described in terms of RRK theory.8 For A addition we can write distance (mm) Figure 6 . Theoretical probability that a monomer-monomer collision leads to dimer formation versus distance from the nozzle (100 pm). In the calculation we used a He pressure of 1.5 atm.
where s is the number of degrees of freedom (=3(m + n) -6), p is the number of quanta condensation energy of molecule A, q is the number of quanta condensation energy of molecule B, and j is the number of quanta in the complex before addition:
-6) for all other clusters, with r the average number of quanta per oscillator. In the above equations w is a frequency factor, which usually has the order of magnitude of a van der Waals vibration frequency.
For B addition we have
We can calculate the number of quanta in the A-A well by taking the second derivative of the interaction potential V(r) at equilibrium distance r = re. The resulting force constant k gives the harmonic frequency w a t the bottom of the well according to w = (k/p)lI2, with p the reduced mass. If e is the well depth, then, in the harmonic approximation, the number of quanta in the well is taken to b e p = e / h w .
Results and Analysis
As a demonstration of the theory we developed for the formation kinetics of small weakly bound clusters, we studied two binary mixtures: benzene/toluene and toluenelo-xylene. This series was chosen because the interaction between the constituent cluster molecules increases from dipoleinduced dipole in the first mixture to a somewhat stronger dipole-dipole interaction in the last mixture. All binary mixtures were measured with two or three concentrations of the constituents in the gas phase. Expansion conditions were such that there was a well-controlled constant gas flow during a time required to obtain sufficient statistics for all mass peaks. All mass peaks were integrated; the standard deviations for their relative intensities were approximately 5%.
Because the transmission of a quadrupole mass spectrometer is highly dependent on the mass range filtered and the ionizer lens settings, it is only valid tostudy the peak intensitydistribution within a limited mass range, i.e., a certain cluster size. Because of the maximum spectrometer mass range, we limited ourselves to clusters up to the size of eight molecules. This has the advantage ,,,,........... + .................~.....~~.........*..........., . .. that no shell formation takes place,24 and by consequence we do not have to differentiate between bulk and surface molecules of the clusters. The latter effect would have made it necessary to modify our model, because with increasing cluster size the number of monomers would still increase linearly with size, but this would no longer be compensated by a linear increase of the number of dissociative molecules, because dissociation can only occur at the surface of the cluster. As a consequence, the substitution rate will decrease rapidly with increasing cluster size.
Having collected this large set of data, we fitted the theory to the experimental intensity distributions, using the dimer efficiency calculated above (see Figure 6 ) and the following parameters.
From the work of Ernstberger et a1.,4 we have for the benzene/ benzene interaction 70 meV and for toluene/toluene, 150 meV. The first value is also obtained from fitting a Kihara potential to virial coefficients.21 From these latter data we obtain w = 1 .O X 1013 s-l, the harmonic frequency in the harmonicvan der Waals well. It then takes approximately 10 quanta to dissociate the benzene dimer: p = 10. Assuming the van der Waals frequency of the toluene/toluenedimerto be thesame, it takes approximately 20 quanta to dissociate that dimer: q = 20. Seeing that the presenceof amethyldipoleaddsabout loquanta to theinteraction, we estimate that the presence of two methyl dipoles a t an angle of 60' should add about 17 quanta to the interaction. For the o-xylenelo-xylene interaction we take q = 27. The values of p and q were taken to be independent of cluster size and cluster constitution. For the efficiency factor [ we took values approximately equal to the value of 7 , the H e dimer efficiency. The additional parameter r could only be varied within a limited range, the upper limit being set by the initial temperature of the expansion. This limit is approximately given by r = 4.
As an example, in Figures 7-9 we give a comparison of theory and experiment for the 3, 5, and 7 clusters of a 7030 vapor mixture of benzene and toluene. We plot here the computerpredicted cluster intensities as a function of the average number of quanta per degree of freedom ( r ) for each cluster component and display in the same figure the experimental cluster intensities by horizontal lines. From the data it is clear that a good fit to the intensity distribution within one cluster size is obtained for a value of r = 0.5 and for a value of the helium efficiency of [ = 0.05. As becomes apparent from the plots, the value of r is almost constant within one cluster distribution. This is a striking result, since the slopes of the calculated curves are very steep and cluster distributions are very sensitive to small changes in the value of r. For the 9O:lO vapor mixture of benzene/toluene we also found r to be independent of the cluster constitution within one cluster distribution. As could be expected, we found a slightly higher value of r = 0.8 at the samevalue of & because in the latter composition the total vapor pressure is higher and therefore clusters experience on average fewer helium collisions between two successive monomer encounters. The calculations on the toluenelo-xylene mixture gave good agreement with experiment using the same helium efficiency as above of ,$ = 0.05. For the 7030 mixture we found a value of r = 1.0. Contrary to our expectations, we found for the 9O:lO mixture a slightly lower value of r = 0.8. The reason why r is lower in the latter mixture is not clear to us. But since in both mixtures the values of r are close to one another, we do not speculate about it. For both the benzene/toluene and the toluenelo-xylene mixture we obtain relatively small values for r compared to p and q, indicating that in each intermolecular potential well on average one or less than one level is occupied. This justifies our assumption that we can approximate the intermolecular well by a harmonic one t o calculate values for p and q.
From Figures 7-9 it also becomes apparent that in cold clusters the enrichment will be very small. The reason for this is that in cold clusters (r = 0) the substitution reaction rate would be very small and that substitution would be completely dominated by
The Journal of Physical Chemistry, Vol. 98, No. 13, 1994 3543 stabilization. The fact that we find values of r larger than zero indicates that clusters are still warm when they collide with a monomer. We can estimate that in the 70:30 mixture of benzene/ toluene the average temperature of the clusters before addition of a monomer is 40 K. For the 9O:lO mixture we estimate the temperature to be 60 K. For toluenelo-xylene we find temperatures of approximately 80 and 60 K for the 70:30 mixture and the 90: 10 mixture, respectively. We want to emphasize that these are average temperatures, averaged over the region of the expansion. The real temperatures of the clusters will be higher near the nozzle exit but lower further downstream; Le., clusters are really cold once they reach the collision-free zone. Then it is not necessary to include an extra step in the calculations which accounts for the decay of the clusters on their flight from the sudden freeze plane to the detector.
It is worth mentioning that we also studied the composition of mixed clusters of hexane and heptane. They are highly enriched on the heptane side, more so than would follow from a simple difference in the van der Waals interaction. At the present we are trying to find out what the cause is of this deviant behavior.
